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ABSTRACT 
In subatomic particle physics, unstable particles can be studied with a so-called vertex 
detector placed inside a particle accelerator. A detecting unit close to the accelerator bunch of 
charged particles must be separated from the accelerator vacuum. A thin sheet with a complex 
3D shape prevents the detector vacuum from polluting the accelerator vacuum. Hence, this sheet 
should be completely leak tight with respect to gases. To produce such a complex thin sheet, 
superplastic forming can be very attractive if a small number of products is needed. This is a 
forming process in which a sheet of superplastic material is pressed into a one-sided die by 
means of gas pressure.  
In order to develop a material model which can be used in superplastic forming simulations, 
uniaxial and biaxial experiments are necessary. The uniaxial, tensile, experiments provide 
information about the one-dimensional material data, such as the stress as a function of 
equivalent plastic strain and strain rate. These data are extracted from the experiments by using 
inverse modeling, i.e. simulation of the tensile experiment. To fit these curves into a general 
material model, three parts in the uniaxial mechanical behavior are considered: initial flow stress, 
strain hardening and strain softening caused by void growth. Since failure in superplastic 
materials is preceded by the nucleation and growth of cavities inside the material, the void 
volume fractions of the tested specimens were also observed. 
A very important factor in this research is the study of the permeability of the formed sheet 
with respect to gas. If internal voids start to coalesce, through-thickness channels will start to 
form, thereby providing a gas leak path. To study the twodimensional behavior, including the gas 
leakage, bulge experiments were performed. Within these experiments, circular sheets were 
pressed into a cylindrically shaped die. From these experiments it followed that the plastic 
straining is dependent on an applied backpressure during the forming stage. This backpressure 
can postpone cavity nucleation and growth. 
Keywords: Superplastic Forming; Cavity Formation; Constitutive Modeling; Forming 
Simulations. 
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1. INTRODUCTION 
Superplastic forming is a process in which a sheet of superplastic material is pressed into a 
one-sided die by means of gas pressure. A superplastic material can attain very high plastic 
strains before failure, provided that the forming temperature is high and the maximum strain rate 
in the material is very low. The flow stress is highly strain rate dependent, which can be 
expressed in the strain rate sensitivity m. A theoretical background of superplastic material 
behavior is described in Section 2. 
The purpose of the experiments, which are presented in this article, is mainly to derive a 
phenomenological material model. Figure 1 shows the flow diagram for establishing the material 
model as described in this paper. 
 
Figure 1. Flow diagram of the experiments necessary to perform superplastic forming 
simulations. The two blocks on the right (‘Die bulge experiments’ and’Frictional behavior’ are 
not part of this paper). 
Uniaxial tensile experiments are used to derive stress-strain properties as function of the 
strain rate. These properties were constructed using inverse modeling of the tensile experiments, 
where the force-displacement response is compared with the experimental force-displacement 
results. The experimental setup and the results are described in Section 3. 
The stress-strain data as extracted from the uniaxial test data were used to develop bulge 
experiments. In these experiments, circular sheets are freely formed by applying a gas pressure 
which is a function of time. Since the material response is highly influenced by the strain rate, it 
had to be made sure that the strain rate in the sheet does not exceed a predefined value. 
Therefore, the pressure-time curves were calculated by using the stress-strain data as extracted 
from the uniaxial experiments. Section 4 covers the experimental setup and results of the bulge 
tests. In this section, also the leak test results from all formed bulges are presented. These results 
also show that an application of a backpressure during one bulging experiment has a large 
influence on the leak test results. 
All data from both experiments are used to develop a material model which can be used to 
perform forming simulations of  superplastically formed sheets. This model incorporates uniaxial 
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behavior in terms of equivalent plastic strain (rate) versus stress, and biaxial behavior in terms of 
a yield criterion. Also a definition of leak has to form part of the model. The conclusions of the 
test results where a material model development method is proposed is the subject of Section 5. 
2. MATERIALS 
Superplasticity can be defined as the ability of polycrystalline materials to exhibit very high 
elongations prior to failure. This high elongation (ranging from a few hundred to several 
thousand percent) is very strictly limited by a narrow range of operating temperature and strain 
rate. Within this range, superplastically deformed materials show a very high resistance against 
necking; the material gets thinner in a very uniform manner. Deformation should be carried out 
at an elevated temperature, which is generally higher than temperatures needed for conventional 
warm forming. Superplastic aluminium alloys, for instance, show their superplastic behaviour at 
a temperature of about 500 to 550 °C, superplastic titanium alloys need a temperature of about 
800 to 900 °C. the strain rate in the material should be low, depending on the alloy. Typical 
optimal strain rates for superplastic behaviour range in the order of 10-4 to 10-2 s-1  [1]. 
A requirement of a material to behave superplastically, is the fine grain size, which can vary 
from material to material between 1 and 10 μm. The grains should be randomly oriented in the 
material, causing it to behave isotropically, and may not grow during plastic deformation, in 
order to maintain the superplastic properties throughout the entire forming process. 
This section will firstly give a brief overview of the physical deformation mechanism of 
superplastic materials. Secondly, the focus will be on the mechanical deformation behavior. 
2.1 Physical deformation mechanism 
Superplasticity does not show the same deformation mechanism as conventional plasticity. 
Briefly, in the latter case, the grains will deform and this will introduce a direction in the 
material. Superplasticity is caused by the sliding of grains past each other, whereby the grains 
themselves do not deform substantially. 
Superplastic flow is dominated by a process which is called Grain Boundary Sliding. This is 
a process in which the grains slide past each other along their common boundary [2]. At the 
optimal temperature for superplasticity, the boundary is weaker than the grains themselves, so 
sliding along this boundary seems a more efficient way for the material to deform plastically 
under the conditions of a high temperature and a low strain rate. Micromechanically, this is a 
very heterogeneous process. Recently, it has been observed that superplastic flow occurs because 
of the simultaneous sliding of groups of grains along each other [3], which is denoted as 
Cooperative Grain Boundary Sliding (CGBS). If during deformation grain growth is observed, 
then the formation of slide surfaces along which CGBS can act is restrained, and the superplastic 
flow will stop. This means that grain growth has to be prevented as much as possible in order to 
achieve superplastic behaviour. 
If the grains could just slide past each other as infinitely rigid particles, then very quickly 
internal voids would occur, also called cavities [1]. In the first stage of superplastic behaviour, 
cavities do not arise, and they are normally seen during the last stage of superplastic flow. The 
cavitation process consists of three stages, which can occur simultaneously. The first stage is 
cavity nucleation. This process takes place at irregularities, where for instance the 
accommodation mechanism can not completely compensate for the non-coherence of the shape 
of adjacent grains. Most irregularities are at places where the grain boundary switches orientation 
(at triple junctions), or at places where second-phase particles are present. The second stage is 
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cavity growth. With increasing strain, cavities can become larger. They act as large vacancies to 
where minor vacancies in the structure can diffuse, called stress directed vacancy diffusion.  
Cavity growth is the cause of unstable plastic flow. The third stage, leading to mechanical 
failure, is cavity coalescence: the internal voids start to interlink with each other to create a crack 
in the material. 
 
2.2 Mechanical behavior 
Superplastic materials show a very high sensitivity in mechanical properties with respect to 
the strain rate, especially the flow stress. Since the strain rate is the dominating factor, a very 
simple expression for the flow stress is used in some calculations involving superplastic material 
behavior. This equation involves the influence of the strain rate by an exponent m only, which is 
the strain rate sensitivity, and can be defined as 
( ) mTk εσ &=   (1) 
At low strain rates, the flow stress is very low, typically in the order of 2 – 10 MPa for 
superplastic aluminum alloys. The strain rate sensitivity is generally between 0.5 and 0.7. 
When the stress is plotted against the strain rate in a log-log diagram, this results in a straight 
line with slope m. However, in reality, it appears from experiments that this line is not straight, 
but shows a sigmoidal curve [4], as can be seen in Figure 2(a). The curve can be divided into 
three areas as shown in this figure. The point where the highest slope M can be found, is equal to 
m, this point is called the inflection point of the curve, and is situated in the relatively narrow 
area II. This means that m is dependent on the strain rate, see Figure 2(b). In fact m can only be 
considered constant over a narrow range of strain rates, so Equation (1) is only valid within this 
very small range. Besides that, m is also strongly temperature dependent. It can be shown that the 
higher m, the higher is the resistance against local necking of the material. 
 
Figure 2. Typical superplastic material behavior. (a): Sigmoidal curve showing stress-strain behavior. 
(b): Strain rate sensitivity parameter m as function of the strain rate. 
Experiments on tensile test specimens result in a uniaxial stress-strain behavior, generally 
presented as a set of stress-strain curves at different strain rates. The stress is non-zero in the 
tensile direction, and zero in both perpendicular directions. These stress-strain curves do not 
contain information in case a stress is present in another direction. In case of sheet metal 
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deformations, the zero stresses are the ones in thickness direction (one normal and two transverse 
shear stress directions). Two in-plane normal stresses and one in-plane shear stress are then 
present; or, in principal directions, only two normal stresses are present. Material flow is 
dependent on both these stresses. Different formulations have been developed to determine 
whether a material wil flow in a certain stress situation. 
From experiments it follows that the von Mises yield criterion is not sufficient in case of 
f.c.c. materials, such as aluminum [5]. These materials show a flow behaviour which is situated 
between the von Mises and Tresca yield criteria. Both these yield criteria can be expressed in the 
same way in the format of a general equation 
( ) f/1321321 2σσσσσσσ −−+−+−= nnnnf   (2) 
named after the developer of this criterion, Hosford. In the case that n equals 2, the von Mises 
criterion is the result; the Tresca yield criterion is the result if n goes to infinity. In the case of 
aluminium plasticity (or f.c.c. metal plasticity in general), the best fit is reached at n = 8. The 
higher n, the sharper the corners of the yield locus. 
The Hosford criterion as mentioned in Equation (2), is used in case of three-dimensional 
isotropy. In case of sheet metal applications, materials can show an out-of-plane anisotropy, 
expressed in the Lankford strain ratio R. This is the ratio between the uniaxial in-plane strain (in 
y direction) and the out-of-plane strain (z direction) in case of an applied stress in x direction [6] 
( ) ( )nnnn
R
R
R 2121f 11
1 σσσσσ −++++=   (3) 
3. TENSILE EXPERIMENTS 
The material used in the experiments is a superplastic aluminum alloy named ALNOVI-1 [7], 
based on AA5083. This section focuses on the experimental setup, which is described first, and 
the results of the tensile experiments. 
3.1 Experimental procedure 
The tensile experiments are carried out on a Hounsfield tensile testing machine, equipped 
with a tunnel furnace. The cross-head velocity of the tensile bar can vary between 1 and 999 
mm/min, this value cannot be changed during a test. The dimensions of the tunnel furnace 
largely determine the geometry of the tensile specimens. This geometry is shown in Figure 3. 
The length of the effective zone must be found as a compromise between these furnace 
dimensions and the expected elongation, thereby prescribing a maximum specimen length. On 
the other hand, minimizing the strain rate prescribes certain minimum dimensions: the larger the 
effective length, the smaller the strain rate with equal cross-head velocity. The effective length is 
16 mm minus two times the 2 mm-fillet between tensile zone and the clamping area. The 
experiments were carried out at a temperature of 520 °C, which was determined in a first set of 
experiments. At this temperature, the highest plastic strains were reached. 
Two types of tensile experiments have been performed. Firstly, destructive tests are carried 
out in which the tensile specimens will be elongated until complete failure, i.e. until the tensile 
force is dropped to zero. The purpose of these experiments is to determine the uniaxial behaviour 
of the material. These experiments will be carried out at five different cross-head velocities: 1, 2, 
3, 5, and 10 mm/min. Specimens are machined in 3 orientations with respect to the drawing 
direction: parallel, perpendicular and at a 45° angle. It is expected that, according to what is 
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mentioned in Section 2, the orientation does not influence the results, since the material becomes 
and/or stays isotropic. 
 
Figure 3. Tensile specimen geometry. 
The second type of experiments concerns non-destructive tests. It is known that internal 
voids will nucleate and grow in the material with increasing plastic strain. To investigate this 
relationship, it should be best to carry out tensile experiments until a prescribed value of the 
strain (elongation). Since, as shall be shown in the results section, the maximum tensile force 
during the tests has a higher degree of reproducibility than the maximum elongation, these tests 
were terminated at a prescribed fraction of this maximum force. At three different cross-head 
velocities, experiments have been done until the force has been dropped till a percentage of the 
maximum force measured in that same experiment. 
3.2 Results and discussion 
The destructive tests in which the specimens were all loaded until fracture, resulted in force-
displacement curves for a set of five different cross-head velocities. The first observation is that 
the forces are very low compared to results usually obtained in tensile tests on aluminium 
specimens. Figure 4 shows the force-displacement curves for all three directions. The difference 
in force at the various cross-head velocities shows the strain rate sensitivity, which is typical for 
superplastic behaviour. 
During straining of the material, voids start to nucleate and grow. This can form a 
considerable amount of the total volume, so during plastic deformation, material volume is not 
preserved. To measure the void volume fractions in the drawn specimens, the tensile specimens 
have been polished before observing them under a light microscope. From these observations, 
void area fractions can be determined. The void volume fraction ξv is related to the void area 
fraction ξa   by Equation (4) 
( ) 2/3av 11 ξξ −−=   (4) 
In figure 5, the void volume fractions are presented as a function of the equivalent plastic 
strain, for different strain rates. This figure also shows a photographic view of the void growth 
behavior with increasing plastic strain. 
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Figure 4. Force-displacement curves for three different orientations. 
 
Figure 5. Measured void volume fractions as function of the plastic strain. 
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Measuring the width and thickness of the specimens, leading to values for width and 
thickness strain, are also a measure for the amount of anisotropy of the material, expressed in the 
Lankford strain ratio R. Table 1 shows the R values in three directions, together with the average 
strain ratio R and the sensitivity ΔR to the loading direction. This number is very low (absolute 
value smaller than 0.005), meaning that the material can be considered planar isotropic. 
Table 1. Lankford strain ratios of ALNOVI-1, including the average strain ratio R and the amount of 
anisotropy, expressed in ΔR. 
R0 R45 R90 R  ΔR 
0.816 0.827 0.829 0.825 -0.0043 
 
The output of the tensile experiments is in terms of force versus displacement whereas, for a 
material model, stress versus strain information is necessary. This information is needed to 
perform the bulge experiments as described in the next section. Superplastic sheet deformation is 
a strain rate-controlled proces, and since these sheets are deformed by applying a gas pressure, 
this pressure must be a function of time. To attain a predefined strain rate in the sheet as a 
maximum value, the pressure to be used in the bulge experiments has to be calculated first.  
This is only possible if stress-strain data are present. These data are constructed by means of 
inverse modeling of the tensile experiments. An initial estimate for the stress-strain curves, based 
on the tensile experiments is used as an input for the simulations. The force-displacement output 
of these simulations is then compared with the experimental ones. Deviations were corrected in 
the stress-strain curves. This iterative procedure led to the stress-strain behavior as presented in 
Figure 6. 
 
Figure 6. Converged solution of the stress-strain behavior after 5 iterations, compared with the initial 
estimates. 
4. BULGE EXPERIMENTS 
With the stress-strain behavior known from the tensile experiments, an experimental setup has 
been designed in which circular sheets of ALNOVI-1 are deformed into a 70 mm diameter 
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cylindrically shaped die. Pressure-time curves can be calculated, dependent on the maximum 
target strain rate in the sheet during deforming and on the initial sheet thickness. 
4.1 Experimental procedure 
Figure 7 shows a schematic setup of the bulge experiments. Three pressure vessels are 
present, a Top and a Bottom Container, and a Pressure Bag. Because the volumes of Top and 
Bottom are small, they are artificially increased by applying two buffer cylinders (CYL). The 
desired pressure in the vessels is reached by a set of digital valves, responsible for the inlet and 
outlet of gas.  
 
Figure 7. Schematic and photographic view of the bulge test setup. 
The aluminium sheet and the stainless steel have a different Coefficient of Thermal 
Expansion (CTE). So to be sure that the sheet stays flat without any internal stresses before 
forming, the sheet will be clamped in the setup after the desired temperature will be reached. 
This is achieved by inflating the Pressure Bag, which will then deflect elastically a few tenths of 
a millimeter. The sheet is then pressed by the Bottom Container on a ridge in the Top Container, 
the resulting metallic contact is sufficient to provide the two separate pressure chambers without 
gas leak inbetween.  
The process during a bulge test is controlled by a program written in LabVIEW, which uses a 
temperature and three pressure readouts as input, and seven digital valve positions as output. A 
NI-DAQPad-6015 I/O device from National Instruments is used for the data transport from setup 
to LabVIEW and vice versa. 
The tests are performed on sheets with initial thickness 0.8 and 1.0 mm, with three target 
strain rates: 0.6⋅10-3, 1.2⋅10-3, and 1.8⋅10-3 s-1. A third parameter which had been used was the 
application of a backpressure during a test. Recalling from the introduction, a backpressure 
influences the leak rate of a deformed sheet, which is caused by postponing void growth at 
higher backpressures. The last parameter which was varied is the time the bulge was exposed to 
the forming pressure. 
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4.2 Results and discussion 
The results of the free bulging experiments are presented here in terms of the obtained bulge 
height and resulting top thickness values. A picture of the record holder in terms of reached 
bulge height is shown in Figure 8. 
 
Figure 8. Highest bulge reached in the free bulge experiments: 53.17 mm. 
 
Figure 9. Results of the bulge experiments, initial thickness 1.0 mm (a and b) and 0.8 mm (c and d). 
Figure 9 shows the results of the bulge tests where the top thickness is plotted against the 
bulge height. In Figure 9(a) and 9(c), the results are categorized in target strain rate. From these 
graphs, there is not much difference between the strain rates in terms of reached bulge height. 
But at lower strain rates, the top thickness is somewhat higher at the same bulge height. Figure 
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9(b) and (d) show the same observations, but now they are categorized in backpressure. From 
these plots it is clear that at higher backpressures, higher bulges can be formed. This confirms the 
statement that a higher backpressure postpones void growth and so larger plastic strains can be 
reached. 
4.3 Leak test results 
All formed cups from the free bulging experiments have been leak tested in an experimental 
setup. Within this setup, the outer side of the cup is drawn vacuum, while the inner side is filled 
with helium at athmospheric pressure. The leak through the formed sheet is then measured with 
an Alcatel ASM 181 td Leak Detector. The results of the leak experiments can, just as with 
Figure 9, be categorized in target strain rate or in backpressure. Since a high backpressure is 
thought to postpone void nucleation and growth behaviour, the latter categorization seems the 
most interesting. Both approaches are presented in Figure 10. 
 
Figure 10. Leak rates of the formed cups 
From this figure, it is clear that a backpressure influences the leak rate, i.e. the amount of helium 
gas which traverses the sheet per second at 1 bar helium pressure 
5. CONCLUSIONS 
The results from the tensile and bulge experiments can be used to develop a constitutive 
model for ALNOVI-1. The tensile test data, which consist of the stress-strain curves and the void 
volume fraction as function of the strain, were fitted into a phenomenological material model. 
The stress-strain behavior is splitted into three parts: firstly, a fitting function which describes 
the initial yield stress as function of the plastic strain rate. This equation should represent the 
sigmoid function from Figure 2, to be fitted to the results. The initial yield stress is then 
according to Equation (5), where a, b, c and d are fitting parameters.  
( ) dcba ++= εσ &logexp
1log f,0   (5) 
The second part consists of strain hardening, which in metal plasticity can for instance be a 
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power law function (Nadai hardening) or a saturation function (Voce hardening). The first option 
did not seem sufficient in this case, since the amount of hardening is too large for large strains, 
where the hardening in case of superplastic materials is more limited. Therefore, the Voce 
hardening type is able to provide a better fit, according to Equation (6) the yield stress is then: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛−Δ+=
0
p
0,fh exp1 ε
εσσσ   (6) 
where Δσ is the saturation stress (asymptotic stress), this parameter and ε0 are material constants. 
The third part describes the softening part, caused by the void growth. Voids are sources of 
stress concentrations, which decrease the macroscopic flow stress. This can be expressed as a 
multiplying factor μs to the flow stress from Equation (6), which is [8] 
( )[ ] 32v1s 1 ηηξημ −=   (7) 
where η1, η2 and η3 are material constants. The void volume fraction is described in the material 
model as a bilinear function (see Figure 5) of the plastic strain. 
The bulge tests provide information on the Hosford exponent n and the influence on the 
backpressure on the void volume fraction. The strain value at which the void growth rate 
increases rapidly (which is about 0.74 without a backpressure application, see Figure 5) was 
assumed to increase linearly with the backpressure. 
A material model is developed in which, besides these features, also the leak rate has to be 
incorporated. With this material model, superplastic forming simulations can be performed in 
which the leak rate is a very important constraint in an optimization problem where it is required 
that the deformed sheet should be as thin as possible. 
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